XII.-The Absolute Thermal Conductivity of Nickel. By T. C. Baillie, M.A., B.Sc., Assistant Lecturer and Demonstrator in Physics, University College of North Wales, Bangor. (With a Plate.) § 1. Introduction'.-The experiments described in this paper were commenced with the view, not only of determining the absolute thermal conductivity of nickel, but also of comparing the results found by Forbes's and Angstrom's methods for the same specimen. Although some readings were taken for Angstrom's method, that part of the investigation was not completed, because it was found that the experimental errors -unavoidable, on account of the necessity of measuring rapidly changing temperatures-would be too great for the results to be of any value. The thermal conductivity of a portion of the bar of nickel used for Forbes's method was determined by a direct method involving the determination only of steady temperatures, and the results so obtained are given in the latter portion of this paper. § 2. The Statical Experiment.-The nickel bar used was kindly lent by Dr Knott, being a piece about four feet long, which he had no immediate occasion to use for his own experiments on " The Strains produced in Iron, Steel, and Nickel Tubes in the Mag¬ netic Field" (see Trans., vol. xxxviii. part iii. No. 13 ). This bar was turned down so as to be of uniform circular section, and holes for thermometers were drilled into it by Messrs Aitken & Allan, Edinburgh. Four thermometer holes were drilled in each of the end portions of the bar, so as to leave a length of 19 inches intact for a tube re¬ quired by Dr Knott at a later period.
The bar was set up in Professor Tait's private laboratory, with the same fittings, altered to suit the size of the nickel bar, as were used by Professor Tait, and afterwards by Dr Mitchell, in their experiments on thermal conductivities (see Trans., 1878, xxx., and Trans., 1887, xxxiii. part ii. p. 535). One end of the bar was fitted with white lead into a round hole in the side of a cast-iron pot, which was afterwards nearly filled with solder. This end of the bar was heated by a bunsen flame placed under the pot of solder. A constant temperature was maintained at this end of the bar by keeping the gas supplied to the bunsen burner at constant pressure by means of Professors Tait and Crum Brown's gas regulator. This regulator is like a small gasometer, one of the balancing weights of which, on descending, bends a piece of soft, flexible rubber tubing conducting the gas supply to it, so as to diminish the internal cross-section of the piece of soft tubing; vol. xxxix. part ii. (no. 12 Temperatures above 200°C. were not used, and as the readings on the majority of the thermometers varied in the course of an experiment through a range of about 1°C., the thermometers were simply read by the naked eye to the nearest quarter of a degree. One could be quite certain of avoiding making any error due to parallax of more than that amount. A little mercury was put in each of the thermometer holes to give good thermal contact between the bulbs of the ther¬ mometers and the bar.
No amalgamation of the nickel has ever been observed. A steady state as regards the distribution of temperature along the bar was not reached in five hours from the time the gas at the heater was lighted, and the readings on the thermometers usually increased at the rate of about a quarter of a degree per hour for a few hours more.
The following table shows the readings (uncorrected) obtained over an interval of nearly twenty-four hours on 18th July 1894 and the following morning. The gas was lighted at 8.30 a.m. A common proceeding is to find suitable values of the constants in some empirical equation representing 9 as a function of x, and to differentiate the equation to obtain d9jdx. The following method of reducing the readings obtained in the statical experiment was adopted after trying others. Curves were made from the sets of read¬ ings on the first four thermometers only, in which log. 9 was shown as a function of x. The gradient of these curves increased, but not very rapidly, with log. 9, and therefore c£(log. 9)jdx increased as 9 increased. The curves were drawn by a lath, to the ends of which couples were applied so as to give it the slight curvature necessary to make the curve produced by its means pass in close proximity to each of the four points given by the corrected readings of the thermometers. It was noticed that the value of <i(log. 9)jdx was practically the same, for the same value of 9, for all curves. A new curve was then constructed, in which cZ(log. 9)/dx was shown as a function of 9. •0415
•376 § 4. The Cooling Experiment.-For this experiment a short bar turned down from a left-over portion of Dr Knott's nickel bars was used. It was a piece of the same rod as the bar used in the statical experiment: it was turned down in the same way, at the same time, and to the same diameter, as was found by careful measurement. The length of the cooling bar was 21*55 cm., and as its diameter was 4*67 cm., the surface exposed at the ends was 9 § per cent, of the whole surface. This involves an increase in the rates of cooling of about ten per cent. This is a serious drawback in these experiments. It has been allowed for by diminishing the observed rates of cooling in the ratio of the whole area of the cooling bar to the area of the curved portion only. It is possible that in air the emissivity of a vertical surface is, ceteris paribus, greater than the average emissivity of a curved cylindrical surface of the same diameter. As there is heat lost from the ends of the cooling bar, there must be some fall of temperature between the centre and the ends.
I have given up all attempts at making allowance for this. The best way of meeting difficulties of that kind is to make the end correction negligible altogether. The bar was heated over a row of bunsen burners, without the previous warming necessary to avoid "sweating." The bar was heated pretty rapidly, and turned round rapidly while being heated, and very little moisture condensed upon it. A Kew mercury thermometer was used to measure the rate of cooling of the short bar which was heated to about 250°C.
Readings were not taken until the bar had cooled for some time with the thermometer in position, since the distribution of temperature in the thermometer itself is at first irregular. This is discussed very fully by Professor Tait in his paper already referred to.
The thermometer was observed through the telescope of a cathetometer, and the time at which the top of the mercury column passed each degree division mark was noted by looking at that instant at the dial of a watch. After some practice it was found easy to note the time of such transits to within a couple of seconds from the position of the seconds' hand, without paying much attention to the divisions round the dial.
The time of transit set down for each degree division was late by the time taken to look from the thermometer to the watch, but as this is small and affects each reading, it is of no consequence.
When the cooling became comparatively slow, as it did below 100°C ., it was possible to see the top of the mercury column disappear behind a degree division mark, note the time, and have the eye in position at the telescope again in time to see the top of the column reappear on the under edge of the division mark.
§ 5. Reduction of the Cooling Readings.-The method employed for reducing these readings was as follows :-On paper ruled in squares temperatures were plotted as abscissae, and the times (in seconds) taken by the bar to cool through one degree were plotted as ordinates corresponding to the mean temperatures for those degrees : thus, for example, the ordinate corresponding to the temperature 102 "5°C. was the observed time taken by the bar to cool from 103°C. to 102°C. The advantage of this method of reduction is the simplicity of correcting for errors of observation, &c. Suppose, for example, that the time set clown for the transit across the 175 degree division mark is too late, the time noted for cooling from 176°to 175°is too great, and the amount by which it is unduly increased is deducted from the time of cooling from 175°to 174°; but the average time of cooling for a range including 176°to 174°is not affected by the supposed error. An error in graduation, by which one of the division marks is displaced, produces a similar effect. The ordinates would, if there were no errors of any kind, increase in length continuously as the temperature diminishes. If the curve formed by the ends of the ordinates is not continuous, all that is necessary is to make a continuous curve by reducing the lengths of those ordinates which are obviously too long and increasing the lengths of adjacent ordinates, and vice versa, so as to keep the sum total of the lengths of all the ordinates constant. This treatment will get rid of the effects of errors such as those considered above.
The way in which this was carried out was to form a new curve in which for each reading was substituted the average of the five nearest readings. This gave a curve which was smooth but with small "waves" along it. A mean curve was then drawn by means of a lath planed thinner towards one end so as to produce the necessary variation of curvature along it. The ordinate at any temperature of the curve so constructed is the reciprocal of the rate of cooling at that temperature.
A cooling experiment was done alongside of the statical experiment on several days, until the surface of the cooling bar was thought to be just perceptibly dimmer than that of the long bar. It was confidently expected that the repeated heating of the short bar, especially as " sweating " was not entirely avoided, would affect the surface and increase its emissivity. The readings taken show that each time the bar was heated its emis-sivity was increased before the tarnish on the surface became even perceptible. The following table will show this, and it provides the means of allowing for it. he table also shows irregularities in the cooling, due possibly to changes in the state of the atmosphere, or to variations in the unavoidable draughts of the second order of magnitude. The readings obtained on 8th August gave the best curves, and they have been used to determine the rates of cooling given in a later table. A reduction of 2 per cent, was made in the rates of cooling found, in order to allow for the increase in the emissivity which had taken place by 8th August. A correction is necessary in the cooling experiment for the exposed stem of the thermometer. In the statical experi¬ ment the stem correction was made by adding to the observed reading V. the product '000113 V2. Using the same form of correction in the cooling experiment, let V. be the observed, and 6 the true temperature, then since 6 = V. + '000113 V2., the true rate of cooling dO/dt is equal to (1 + '000226 V.) times the apparent rate of cooling dv/dt got from the curves in which stem exposure is not allowed for. Since the thermometer parts with its heat to the cooling bar, its temperature must always during the cooling be higher than that of the bar; in other words, the thermometer lags behind the bar by an amount depending on the rate of cooling. No attempt has been made to allow for that in these experiments. Some mercury was put into the hole for the thermometer to give good thermal contact between the bar and the thermometer. The following table gives the rates of cooling of the short bar found after applying the corrections referred to above, except that due to lag, and that due to loss of heat at the ends of the bar. A little mercury was put into the hole along with the thermometer. It was then heated and allowed to cool. At some instant the temperature was noted just as it was let fall into a large calorimeter, and the heat given out by the nickel was measured in the ordinary way by the method of mixtures. This was repeated at the same and different temperatures, and the results were not quite concordant, but indicated that the specific heat increased with temperature. As it was not quite certain that the temperature in all parts of the interior of the piece of nickel was that of the mixture when the readings were taken nickel turnings were tried. Several pieces of the turn¬ ings made in turning down the nickel bars were tied together with a short piece of thread, whose mass was negligible, and heated in the inner chamber of a double cylinder of copper containing glycerine between the cylinders. This was heated to over 200°C. and packed up with cotton wool in a wooden case provided with a contrivance for open¬ ing a slide at the bottom and allowing the nickel to fall into the calorimeter at the moment of opening. The calorimeter used was a small glass beaker of suitable dimen¬ sions.
With it the cooling correction was smaller than with a copper calorimeter of the same size.
It was hoped that as the heater cooled very slowly it would be safe to assume that the temperature of the turnings after being in the heater some time would be that of the thermometer whose bulb was inserted amongst them. As the heater cooled, determinations of the specific heat could be done on the same day at lower and lower temperatures. It was found that the sets of determinations obtained on separate days did not agree no matter how long the nickel was kept in the heater, and as all the quantities involved could be measured within 1 per cent., and the correction for cooling was only about 1 per cent., the heater was regarded as the cause of the irregularities.
In some subsequent experiments the nickel turnings were heated in a steam jacket of the usual laboratory pattern, and results agreeing within 2 per cent, were obtained when the nickel was in the heater for not less than two hours. As the heat required to raise the temperature of 1 gramme of water is not constant, but varies in a manner depending on the thermometer used in the calorimeter, closer agreement than this is not to be expected. The specific heat thus obtained was higher than that got for the same temperature from the large mass cut off the cooling bar. At the same time there is no reason for supposing that the specific heat would not be affected by the nickel being cut up and distorted as it is in the form of turnings.
The values of the specific heat given below were found from a solid piece of the nickel weighing nearly 100 grammes, and as a glass calorimeter could not be used with so large a mass, a copper calorimeter was made of thin sheet copper, the depth of it being 5 inches, and the diameter 2|-inches. There was a slight recess along one side to accommodate the thermometer and a flange round the lip by which it was suspended in the interior of a large copper vessel which protected it from draughts in the room. The thermometer used in the calorimeter was one of Ducretet's precision thermometers divided into tenths of degrees centigrade, and it was read by means of a telescope fixed a little distance off, hundredths of a degree being estimated by eye. The steam heater was used in the ordinary way, but in order to get determinations at different tempera¬ tures the same heater was used with methylated spirits instead of water. A tube was arranged to conduct all the spirits which condensed in the apparatus back to the boiler by a pipe leading in at the bottom of it. Only a small portion of the spirits was dis¬ tilled off, as the flame of the burner heating the boiler was so arranged that very little vapour was formed over and above that required to produce heat enough by its con¬ densation to maintain the heater at a uniform temperature. The boiling point rose by less than one degree in the course of a day on account of loss by distillation of the more volatile constituents of the spirits. The top of the chamber in the heater, in which the nickel was suspended while being heated, was closed by a large cork in which were two holes, one letting in the thermometer which indicated the temperature of the nickel, and another through which passed a fine wire supporting the nickel. The bottom of the chamber was closed by a slide padded with cotton wool. This slide was drawn aside when the nickel was dropped into the calorimeter, an arrangement being made for doing all this with great rapidity. The wire which had supported the nickel in the heater remained attached to it, and the end of it, which was usually found pro¬ jecting out of the mouth of the calorimeter, was at once seized and the contents of the calorimeter stirred by moving the nickel up and down and to and fro in the water.
While this was being done the thermometer was being watched through the telescope. Two persons were thus necessary. No correction has been made for the thermal equiv¬ alent of the work done in stirring, as it has been assumed to be negligible. It was im¬ possible to observe if stirring the water produced an appreciable quantity of heat as under all circumstances its effect was quite obscured by the disturbances produced by other causes.
The correction for cooling was applied in the following way :-The observer at the telescope had in his hands a stop watch, with two hands so arranged that, by pressing one stop, they would start together; pressing another stop made one of them remain where it was at the instant of pressing; a second press made it overtake and go cn as before with the other hand. In this way, the time at which the thermometer indicated jany reading could be noted to a fraction of a second, the reading being written down subsequently ; and a fresh reading could be then taken in the same way. A curve was then.plotted from the readings thus obtained, with temperatures as ordinates, and times as abscissae. The part of the curve corresponding to times after the maximum temperature had been reached was produced backwards to the axis of zero time, and ifi this way the temperature which the calorimeter must have cooled from, had its rise of temperature been fig. 1 . At temperatures over 100°C. another form of heater was used. An iron tube was surrounded by a conical-shaped iron chamber riveted on to it, and mercury was put in the space between. This was heated by a circular gas 'burner, the flame of which was regulated by the volume of the mercury, which, on expanding above a certain limit, cut off all the gas, except what found its way through a small by-pass. The by-pass was arranged to allow just sufficient gas through it to keep the burner lighted, and thus to save the trouble of lighting the gas when the mercury had contracted sufficiently. The arrangement was similar to that shown at E in fig. 2 . The flame rose and fell about ten times in a minute.
The temperature at any one place in the heater was very steady after it had been in action for an hour or two, but the temperature near the top of the inner tube was 2 or 3 degrees lower than that of the hottest part. The ther¬ mometer used for reading the temperature of the nickel in this heater was put in so that the bulb touched the nickel.
The nickel dropped into the calorimeter through the centre of the ring burner. The inner tube of the heater was prolonged below the burner.
Corrections for stem exposure have been applied to the readings of the thermometers.
It was possible to obtain only an approximation to the stem corrections on account of the manner in which the thermometers were placed, with some part of their stem at unknown temperatures; but as the correction is only 2 per cent, in the greatest instance, they are probably accurate enough. Average value of specific heat of nickel, T13.
The average value of the specific heat of the nickel turnings for a range varying from just under 100°C. to about 20°C. was about Tl. This shows that either the thermal capacity is altered in the process of disintegration, or that there is some error in the determination depending upon the size of the pieces employed. The latter I believe to be the case. During the month of June, I did several determinations at the same time with a bundle of copper washers, and with the piece of nickel referred to. After a few trials I found the mass of copper (114'8 grammes) which had the same thermal capacity as the 99*3 grammes of nickel. I tried to discover a difference between the rate of rise of temperature in the calorimeter when the copper was em¬ ployed from that when the nickel was used. The difference in the times taken to reach the maximum reading was only about six seconds, the whole time being about one minute to one and a quarter. Probably the lag of the thermometer behind the calori¬ meter obscured the greater part of the actual difference.
The effect of not receiving all the heat from the nickel would be to make the appar¬ ent specific heat less than the true specific heat. This error would obviously be greater at low temperatures than at high temperatures, and thus would make the apparent specific heat increase more rapidly with temperature than the true specific heat actually does.
Probably this is the real reason why the specific heats of carbon and siliconso-called bad conductors of heat-have been found to be much lower at ordinary temperatures than that expected from Dulong and Petit's law of constant atomic heats, whereas at very high temperatures their specific heats are much greater and nearly great enough to fulfil the law. Errors of this kind are reduced to a minimum by using Waterman's calorimeter. A description of this apparatus, and a short dis¬ cussion of the determinations of specific heats is given in a paper by Waterman in the Physical Review (vol. iv Of these the chief are-(a) the specimen used for this may not be a fair average specimen.
(b) want of uniformity in its temperature when put into the calorimeter.
(c) the calorimeter not receiving the whole of the heat supposed to be given out from the specimen. (d) changes in the thermal capacity of water with temperature as measured by the thermometer used (or, in the case of ice calorimeters, errors in the value of the latent heat or other constants used). Of these there is little difficulty in arranging the errors from (1), (2), (4), (6), (7), (8) (5) and (9) (d) The bar was fitted up so that one end could be kept at any constant high temperature, while a flow of water could be kept cooling the other, the rise of temperature of the water and the mass of water passing per unit of time being measured. These data were sufficient to measure the rate at which heat left the end of the bar.
The gradient of temperature at any point is given by the tangent to the curve drawn from the readings given by the thermometers.
A slide bench was erected in front of the table carrying the apparatus, and was arranged to carry a telescope which could be raised or lowered in a vertical line, and at the same time moved to and fro along the bench which was placed parallel to the axis of the nickel bar.
The thermometers used in the bar were some of Professor Tait's Kew thermometers from the same stock as those used in the Forbes bar, and they were placed so as to hang vertically, this being tested by a plumb line. As the telescope could only move so as to be. always horizontal, parallax was avoided. When the tele¬ scope was adjusted so that one of the thermometers was in focus, all were in focus for that same adjustment, which was never altered. The readings were estimated by eye to the nearest tenth of a degree.
A diagram representing a vertical section through the axis of the bar is given in fig. 2.
The heater was the cast-iron pot, J, which was used with the Forbes bar. The bar was fixed into the circular hole (at K) in the side of it with red lead. A Jena glass flask, No. of Thermometer Hole. 1 2 3 4 5 F, with a fairly long neck was filled to the bottom of the neck with mercury and put into the pot; and the space, H, between was filled nearly full of mercury. To prevent mercury leaking through the cast-iron pot it was previously lined with pipe-clay, a paste of pipe-clay and water being painted in with a brush and allowed to dry. Into the neck of the flask was fitted a glass piece made as shown in fig. 2 . The arrows show the path taken by the gas to reach the burner, and the temperature was kept constant by the mercury cutting off the gas supply at E on reaching a certain temperature. The by¬ pass, B, was opened to allow a full supply of gas while the heater was being warmed up to the proper temperature, the mercury in the flask being allowed to run over at D, which was at all other times closed.
When the desired temperature was reached the by-pass, B, was nearly closed, enough gas being allowed to pass through it to keep the Argand burner, G, from going out. This gas regulator worked so well that a ther¬ mometer hung in the same place in the pot of mercury showed no variation exceeding one-tenth of a degree centigrade during a whole day.
At first a large steel cap was fitted on the end of the bar, with mercury inside it, the idea being to make it at once the heater and the regulator. It showed a steady, slow rise of temperature, and, although there was no visible leakage, in a few days fine drops of mercury were seen on the iron tray placed under the burner to catch the mercury in case of accident. No leakage of mercury could be noticed from it even under greater pressure from the inside while standing cold, and therefore the mercury must have leaked through pores too small to be noticed while the flame played upon them.
The variation of the temperature of cut-off is a very delicate test of such leakage.
The rate at which heat was given out at the other end of the bar was obtained by measuring the rise of temperature and the rate of flow of the stream of water which played on the end of the bar. A brass cap, M, was fitted on the end of the bar, the water entering the space between it and the bar having its temperature measured at 0, and the temperature of the water leaving the bar was measured at P. The thermom¬ eters at 0 and P were Anschutz thermometers graduated in fifths of a degree centi¬ grade. The rate of flow of the water was found by observing the time taken to fill the flask, Q, of known capacity to the fiducial mark. The water was supplied at constant level from a chamber, S, containing the well-known inverted bottle device, R. Distilled water was used, but great difficulty was found in keeping the rate of flow regular until the plan was tried of making the outlet of a piece of glass tubing drawn out fine and broken off at the capillary portion. With this improvement the flow was very uniform, and the temperature of the water (at 0) reaching the bar was also very steady, but the temperature of the water leaving the bar (at P) varied. When the water had been once used it was cooled by being put in the inner chamber of a double copper tank, while cold tap water was circulating in the outer chamber surrounding it. The same water was thus used over and over again.
The order of taking readings was as follows :-1°, the thermometers in the bar ; 2°, the temperature of the cold water (at 0) going to the bar; 3°, the time at which the empty flask, Q, was put to catch the overflowing water ; 4°, the temperature of the water leaving the bar (at P) was read every half-minute while the flask was filling; 5°, the time the flask was exactly filled to the fiducial mark ; 6°, the temperature of the water entering the cap at 0 ; 7°, the thermometers in the bar. 168-25 § 10. Correction op the Thermometers.-The corrections of the thermometers were not found in the ordinary way, as there is always more or less doubt attached to any allowance that may be made for stem exposure on account of the impossibility of know¬ ing the exact distribution of temperature along the stem of the thermometer. The method adopted was simple and allowed the testing to be carried out with the ther¬ mometers in as nearly as possible the same circumstances as they are in during the experiments.
The thermometers were tested at three different temperatures, at 0°C., about 100°C., and about 218°C. At 0°C ., the correction was found by hanging the thermometers in a vertical position with their bulbs, and as much of their stem as was under the surface of the bar, embedded in powdered ice washed with distilled water. At the other two temperatures the apparatus, a vertical section through the centre of which is shown in fig. 3 , was used. A piece of brass tubing of nearly the same diameter as the bar of nickel was cut into three lengths, E, F, and G, and these were brazed together as shown. The end, H, was closed, and three small tubes, A, B, and C, were brazed in the middle piece F. These tubes were about half full of Wood's alloy. The piece E was half-filled with water which was heated by the burner D, which was adjusted until just a small quantity of The arrangement is just that of a modified reflux condenser. The thermometers were suspended with their bulbs in the mercury of the heater (at H in fig. 2 ), and the temperature of the heater was gradually raised to about 100°C ., when the regulator was adjusted to act. The thermometers were left there under these conditions from morning till evening. As readings were always taken in the evenings, while the heater was set working in the mornings, the thermometers were never read until they had been at the same temperature for several hours. It was there¬ fore thought necessary to keep the thermometers the same length of time at 100°C. before testing them at that temperature, so as to allow the glass to take on the same set that it had in the bar at the same temperature. It is possible that if an ordinary mercury thermometer is kept for hours at some temperature before it is read, its reading at the same temperature on some other occasion will only be the same after it has remained at that temperature for some hours.
The burner D was lit, and after the testing apparatus had been at 100°C. for some time, one of the thermometers was taken out of the mercury heater and quickly put into tube A.
After the first two or three occasions, it was found easy to do this so dexter¬ ously that the reading on the thermometer did not fall more than 2°in the interval. After it had been in A for some time, during which the reading was constant, it was rapidly transferred to B, and by and by to C. The thermometers were hung up verti¬ cally by means of a plumb line, and the readings taken with the telescope. It was found that when E was too full of water, even when it was just over half-full, the read¬ ings in A, B, and C were not alike. When that was the case, the thermometer was left in one of the tubes until enough of the water had evaporated. The barometer was read sometime during the test and the true temperature of the bulb of the thermometer found from Begnault's tables. The difference between the observed reading on the ther¬ mometer and the temperature of the water vapour gave the whole correction at that temperature, the graduation correction and the stem exposure correction being thus lumped together. The same thing was gone through for each of the thermometers.
The same sort of process was repeated with the same apparatus, after the water had been dried out and naphthalene put in its place. Pure naphthalene was used, and as the boiling point of pure naphthalene has been determined on the air thermometer scale by Crafts, and has been found to be very constant, it is as satisfactory a " fixed " point on the scale of temperatures as one can wish for. The total correction of each of the thermometers was thus found at the temperature of the boiling point of naphthalene. The graduation corrections on the Kew thermometers used were known to be small, and hence it was only to be expected that an expression of the form a + btf would represent the correction.
This expression suited the values of the corrections found for all the thermometers except one to within a fifth of a degree, but the value of b was not the same in all cases, as it varied from '00008 to '000115. Curiously enough, b was smaller for those thermometers graduated up to 300°C. than for those which could not read above 220°G. The corrections at 0°C. were zero for most of the thermometers. One read *55°too low, but that was due to a small particle of the mercury having been shaken up into the top of the stem-probably during transit-from which it could not be again dislodged. It was on the strength of these results that '000113<2 was used to give the stem correction in the Forbes bar experiments.
The following arising from the cooling experiment.
The measurements referred to only determine the conductivity at temperatures some¬ what above that of the air, but the conductivity could be found in a similar manner at other temperatures (such as slightly over 100°C., by allowing the water in the cap to be evaporated into steam). Also, by using an electrical beater, the heat supplied at the hot encl (subject to corrections for radiation) could be measured and the gradient of temperature at that end. Such experiments, however, were not carried out in this case, because it was seen, in the manner described below, that the conductivity varied little with temperature. § 12. Change of Conductivity with Temperature.-Before the brass cap was fitted on the end of the bar for the experiments just described readings were taken with the bar losing heat only by radiation. After the distribution of temperature became steady, the heat which passed any cross-section of the bar was lost by radiation from the rest of the bar beyond. The following table gives the temperatures obtained, ther¬ mometry corrections being applied.
Curves were drawn from these readings, and differentiated. By supposing the bar prolonged by an amount slightly over the length of the radius, and producing the temperature curve to that point, one obtained the curve which would suit the bar if no heat had been lost from the end, at which place dOjdx would then be zero. From the first set of readings the value of d6/dx at the section which had the temperature 120*65°C. was found to be 3'55, and its distance from the point at which d6/dx vanished was 38 centimetres.
The average excess of the temperature of those 38 centimetres of the bar over the temperature of the surrounding air was 67'45°. This gives the follow¬ ing relation:-KA x 3*55 =E^x 67*45x38, where K is the conductivity at 120 "65°C. and E the average emissivity under the con¬ ditions referred to.
From the set of readings obtained on 31st December 1897, and given on page 19, the gradient at 120*65°C. was found to be 5*66, the gradient at 63*2°C. to be 4'33 ; and the distance between the points at these two temperatures was 11 "72 centimetres. The average excess of the temperature of those 11*72 centimetres of the bar over the temperature of the surrounding air was 76*0°. If we assume the average emissivity to be the same in these two cases, we find that 1*23 is the value of that part of the gradient which is required to account for the heat lost by cooling over the 11*72 centimetres in the latter instance.
For if 
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The Forbes's method experiments were carried out in Edinburgh University Physical Laboratory; the other method was done in the Physical Laboratory of the University College of North Wales, and from time to time the work was carried on partly in
